. 2018. The nature of the beast: examining climate adaptation options in forests with stand-replacing fire regimes. Ecosphere 9(3):e02140.
INTRODUCTION
Managing forests for adaptation to climate change has become a pressing issue for natural resource scientists and managers. Although it is widely recognized that fostering resilience to natural disturbances is a key management objective (Turner 2010 , Hessburg et al. 2015 , the strategies for doing so are uncertain for forests historically characterized by high-severity, stand-replacing disturbance regimes (Stephens et al. 2013) . Highseverity disturbances can be important drivers of ecological change in a warming climate (Turner 2010 , Seidl et al. 2016 , Crausbay et al. 2017 because they reset successional pathways and allow new vegetation establishment, but are also an intrinsic feature of some forests.
Most climate change adaptation literature for forests has a common emphasis: reducing disturbance (i.e., drought, fire, and insect outbreak) severity through manipulation of stand and landscape structure. A prominent example is thinning and prescribed burning in dry forests with historically frequent low-severity fire regimes, to reduce the potential for severe fires that may exceed the capacity of those systems to recover (Agee and Skinner 2005 , Peterson et al. 2005 , North et al. 2012 , Hessburg et al. 2015 . This type of strategy so dominates the literature that few adaptation options have been described for other forest types, especially those in which disturbances are driven less by forest structure (fuels) and more by climate and weather, such as many cool or moist temperate forest types (but see Schoennagel et al. 2004 , Millar et al. 2007 , Halofsky et al. 2011 , Raymond et al. 2014 . How do common disturbance mitigation and management concepts apply in systems where severe disturbances are largely indifferent to manipulations of stand structure, are within normal system behavior, and from which biota naturally have the capacity to recover?
Public land agencies and private landowners are currently grappling with notions of ecological restoration and climate adaptation in forests with stand-replacing fire regimes, either explicitly or implicitly (WFRS 2017) , and these issues have relevance in comparable social-ecological systems globally. Recent papers have made strides toward broadening the fire-adaptation dialogue beyond frequent-fire systems (Schoennagel et al. 2017 ), but recommendations specifically for standreplacing fire regimes are still needed because of the imperative to anticipate and adapt to future climate change effects (Flannigan et al. 2009 , Moritz et al. 2014 , Barbero et al. 2015 , Westerling 2016 .
Our objective here is to stimulate a dialogue on climate change adaptation strategies specific to forests characterized primarily by standreplacing disturbance regimes. We focus on fire, a key ecosystem-structuring agent across many temperate forests, and an agent that can (to varying degrees) be influenced by forest management. In forests where large stand-replacing fire patches are a primary component of natural disturbance regimes, we propose that:
1. Climate adaptation options prior to wildfire are generally fewer than in other forest types, in part because common approaches to mitigating fire severities will likely be riskier, ineffective in the long-term, or even counterproductive to many management objectives. 2. Managed wildfire use programs (managing natural fires under moderate conditions rather than suppressing all fires) can be beneficial in creating landscape diversity, burn mosaics, and early-successional habitat, especially in the short term; however, the long-term benefits to forest resilience are likely fewer, and the socio-ecological risks greater, than in other systems. 3. Reasoned fire exclusion (i.e., the suppression component of a managed wildfire use program) can be useful in maintaining specific ecosystem conditions and services in these systems, having fewer long-term negative consequences than in frequent-fire forest types. 4. Depending on management objectives, lower risk pre-disturbance adaptation strategies are mostly grounded in basic principles of conservation biology (e.g., increasing structural and compositional diversity in stands and across landscapes, while minimizing stressors such as fragmentation and invasive species). 5. Post-disturbance situations, arising from both wildfire and management, can be used as adaptation and learning opportunities, especially regarding resilience and adaptive capacity.
We develop these concepts below, first with two foundational principles, followed by three broad strategies.
Scope
To establish a common language, we define our focal forests as those in which large patches of high-mortality (>90% of overstory trees) wildfire have historically been a primary mechanism of forest establishment. Such forests typically have inter-disturbance intervals at the stand or local watershed scale measured in centuries (Romme 1982 , Agee 1993 , Schoennagel et al. 2004 , Keane et al. 2008 ; however, some systems may have shorter cycles of stand-replacement fire (Keeley et al. 1999, Harvey and Holzman 2014) . Although virtually all fires in any forest type are mixed severity at some scale (Dillon et al. 2011 , Harvey et al. 2016a , Reilly et al. 2017 , the key distinguishing feature is highseverity patch size (Agee 1993 , Collins et al. 2017 . We focus on forests in which very large patches (e.g., 10
3 -10 5 ha) of stand-replacement fire are common and well within the natural range of variability. As such, focal forests include both nominal stand-replacement regimes (while acknowledging those patches are part of a coarse-scale mosaic) and the cooler/wetter end of nominal mixed-severity regimes that include a component of large high-severity patches at long intervals (Morrison and Swanson 1990 , Weisberg 2004 , Tepley et al. 2013 .
These forests occur in many moist-to wetclimate areas throughout temperate latitudes. To further facilitate understanding of our scope, we use the example of relevant forest types of the western United States (Fig. 1) . These include portions of the maritime coniferous forests of the U.S. Pacific Northwest (i.e., much of the Douglas-fir/western hemlock region west of the Cascade Range crest; see Agee 1993) and subalpine conifer forests of the Rocky Mountains (Romme 1982 , Schoennagel et al. 2004 , among several others.
Although the forests we address vary in composition and structure, their fire regimes are generally considered more climate-and ignitionlimited than fuel-limited (Agee 1993 , Schoennagel et al. 2004 . High productivity, slow wood decay rates, and long disturbance intervals relative to stand development trajectories-singly or in combination-produce dense, closed-canopy, biomass (fuel)-rich stand structures. As such, fire incidence, area burned, and fire severity are largely determined by the relatively infrequent co-occurrence of exceptionally dry conditions and an ignition source, and less determined by stand structure, which is usually conducive to fire spread and fire-caused mortality (Fig. 1) . Forest regeneration after stand-replacing fire is typically robust in these systems (Turner et al. 1997 , Larson and Franklin 2005 , Donato et al. 2009 , Freund et al. 2014 , Harvey and Holzman 2014 , meaning that forest cover is maintained over the long term even when subject to large, severe fire patches.
As with many temperate forests, climate change is projected to affect these systems through higher temperatures and altered precipitation regimes, as well as through altered disturbance regimes . Temperatures are projected to increase across all seasons in both the Rockies and Pacific Northwest, while precipitation projections may diverge by region (Walsh et al. 2014 ). The Pacific Northwest will likely experience amplification of its normal wet-winter/dry-summer seasonality (Mote et al. 2014) , while seasonality in the Rockies may differ between northern and southern portions of the region (Walsh et al. 2014) .
Fire frequency, length of the fire season, and area burned will likely increase with climate change in our focal regions (Rogers et al. 2011 , Mote et al. 2014 , Loehman et al. 2018 . The Rocky Mountain region is characterized by more continental climate than the Pacific Northwest, particularly east of the Continental Divide. Thus, fires in subalpine conifer forests of the Rocky Mountains are most limited by ignitions, whereas fires in maritime forests of the Pacific Northwest are primarily limited by high fuel moisture (McKenzie and Littell 2017) . Ignitions may increase in a warmer climate (Romps et al. 2014) , and fuel moisture will likely decrease in a warmer climate (McKenzie and Littell 2017), increasing fire frequency in forests with highseverity disturbance regimes. Annual area burned is projected to increase by 300-500% across much of the Pacific Northwest and 400-600% across much of the Rocky Mountain region (Mote et al. 2014) . However, it is unclear whether these proportional increases will fundamentally ❖ www.esajournals.orgalter ecosystem composition and structure, because they start from a very low number (i.e., the low annual area burned of the current and/or historic eras). Moreover, because these forests are already characterized by high-severity fire, fire severity is not expected to significantly increase. Interactions among disturbances (e.g., fire, drought, and insect outbreaks) may also be more Fig. 1 . Examples of stand-replacing systems where wildfires tend to be more limited by ignition source and weather rather than fuel. (A) A naturally regenerated lodgepole pine (Pinus contorta var. latifolia) patch~10 yr post-fire, (B) an old-growth western red cedar (Thuja plicata) and western hemlock (Tsuga heterophylla) stand (photograph used with permission, Van Pelt 2008) , and (C) a multi-aged and partially managed Douglas-fir (Pseudotsuga menziesii) and noble fir (Abies procera) forest consisting of both recently harvested patches (right foreground and far background), 115 yr-old patches originating from a 1902 wildfire (left foreground), and old-growth patches that escaped the 1902 fire (above the recent harvest on right). important than shifts in any single disturbance regime (McKenzie et al. 2008) .
What sets these forests apart from others in terms of climate impacts is that they are already inherently characterized by many of the future climate projections for drier forest types: very large patches of severe fire effects and challenging conditions for forest re-establishment. In other words, projections of large, severe burns are already the nature of the beast.
PRINCIPLES

Principle 1
Forests with natural stand-replacing fire regimes are inherently resilient to severe wildfires; therefore, increasing their long-term resilience through commonly used treatments (e.g., fuel and fire management) is difficult.
Here, we define resilience as the capacity to experience severe wildfire without shifting to an alternative ecosystem state over the long term (adopted from Walker et al. 2004) , that is, the ability to regenerate back to a structurally, compositionally, and functionally similar forest following large, severe events. Variations of Principle 1 have been articulated for many forests ranging from wet coniferous forests to subalpine ecosystems (Bessie and Johnson 1995 , Schoennagel et al. 2004 , Keane et al. 2008 , Mitchell et al. 2009 , Timpane-Padgham et al. 2017 ), but we expand on it here.
In essence, these forest types are adapted toward resilience to stand-replacing, pulse disturbance events, otherwise they would not exist in their current form. A natural tendency for large, high-mortality events, followed by robust regeneration and eventual return to a mature state, has led to these forests being called "boomand-bust" systems (White et al. 2002) . With regenerative traits well-suited to severe disturbances (i.e., serotiny, light well-dispersed seeds, long-lived seeds in soil bank), shifts toward increasing fire frequency (within broad limits) would likely cause quantitative shifts in species abundance and structure but not qualitative shifts to novel communities or physiognomies (Keeley et al. 1999 , Schoennagel et al. 2003 .
Limitations of stand-scale fuel treatments.-Adopting common management strategies to reduce wildfire severity (e.g., stand-scale fuel reduction treatments; Agee and Skinner 2005) faces a basic challenge: Many forests with standreplacing fire regimes are not only rarely fuellimited, but generally cannot be made fuel-limited without fundamentally changing them and creating stand structures with little or no ecological precedent (Brown et al. 2004 , Schoennagel et al. 2004 ). In addition to compromising their fundamental nature and the ecosystem services that these forests provide, a fuel-mitigation approach would also face the Sisyphean task of frequent retreatment to keep up with the high productivity rates in many regions. Thus, other than focused hazard reductions around areas of human value , there is low ecological utility or practicality of fuel treatments in forests with stand-replacing fire regimes (Schoennagel et al. 2004 , Noss et al. 2006 .
Limitations of managed wildfire. -A second commonly promoted adaptive tool is managed wildfire, involving monitoring natural fires in certain locations with low risk to human values under moderate weather conditions, while suppressing fires outside of those locations and conditions. In many forests, this is a way to use wildfires to do much of the work of fuel management and build adaptive resilience (North et al. 2012 , Millar and Stephenson 2015 , Schoennagel et al. 2017 ) at spatial scales that are often impractical to attain by other means. This approach is well-supported in low-to mixed-severity fire regimes (Collins and Stephens 2007) . Managed fire can also play a role in stand-replacing regimes, because even large fires in these systems have patches of low, mixed, and high severity and create significant landscape diversity , which may promote adaptive capacity in responses to large disturbances (further discussed in subsequent sections). However, it is important to recognize a different set of considerations and expectations of this approach in stand-replacing regimes.
Three common assumptions about use of managed wildfire are that (1) managed fires burning under moderate conditions will mitigate the spread and/or severity of subsequent wildfires, by reducing fuel loading and continuity at landscape scales; (2) exposure to moderate-condition fires increases system resilience (regenerative response) to subsequent fire; and (3) the risk is acceptably low that a managed fire will morph ❖ www.esajournals.orginto an extreme region-scale event that unduly threatens forest values and human communities, if weather were to shift critically. While still relevant, each of these criteria has less footing in stand-replacing regimes.
First, unlike forests with frequent-fire regimes, exposure to moderate-condition fires in forests that are rarely fuel-limited will have little effect on the spread or severity of extreme events that drive most stand-replacing regimes. Feedbacks from prior fires can limit the occurrence (Parks et al. 2016) , spread (Parks et al. 2015) , and severity (Parks et al. 2014 , Harvey et al. 2016a ) of subsequent fires across many systems, but in forests with prompt and abundant post-fire tree regeneration, fuel recovery is rapid (Nelson et al. 2016) and negative feedbacks is short-lived compared to typical fire-return intervals (Harvey et al. 2016a ). In addition, typical fire size distributions (Moritz et al. 2011) suggest that, in systems with century to multi-century fire-return intervals, 80-90% of burn area comes in very large events (e.g., 10 5 -10 6 ha for many forest types) occurring under extreme weather conditions. These extreme fires essentially cannot be managed and are largely indifferent to landscape fuel structure resulting from prior fires or fire management . It is only the remaining 10-20% that can realistically be managed, with a recognition that managed wildfire would be used primarily to create landscape diversity and habitat rather than to mitigate effects of subsequent large fires that will catalyze the most system change.
Second, exposure to the smaller sized fires (regardless of fire intensity and severity) that can be managed will likely do little to increase system resilience to large and severe fires under climate change, because, as stated above, these systems are already well adapted to large and severe fires. Although exposure to smaller fires would provide learning opportunities and theoretically offer more frequent opportunities for climatesuited vegetation to establish, it is debatable whether those small events accounting for <20% of burn area would ultimately influence vegetation responses in the very large patches that will drive most changes. Thus, it may be that these systems are best positioned for a more fiery future, with or without managed wildfire use.
Third, the risk profile for managed fire use differs in stand-replacing regimes. Most large fires in these systems do not immediately start out as extreme events upon ignition; rather, fires are often initially benign, burning under moderate conditions for perhaps many weeks, but then become large, high-severity fires when extreme weather events occur (e.g., synoptic dry east winds in the Cascade Range). Well-known examples include the 1988 Yellowstone Fires (~400,000 ha; Turner et al. 2003) , the 1933 Tillamook Burn in the Oregon Coast Range (~100,000 ha; Kemp 1967) , and the 1902 Yacolt Complex in the western Washington Cascades (>400,000 ha; Holbrook 1960) . Managed wildfires, by definition, provide the first precondition (benign fire under moderate weather). Should a shift to extreme weather occur, the fuel abundance that characterizes these systems, coupled with an already broadly dispersed fire front, would make a switch to full suppression difficult. Thus, weather shifts could carry greater, less manageable consequences than in other systems.
All of this is not to suggest that managed wildfire has no role in stand-replacing regimes-it does have a role, as we discuss in subsequent sections-but rather to set realistic expectations for what it can achieve in these systems, and with what risks.
Principle 2
Like all forests, susceptibility to reorganization of these systems is greatest following stand-replacing wildfire events, especially if irreversible thresholds have been crossed in underlying environmental conditions.
Mature individuals of long-lived tree species can tolerate unfavorable climate conditions for several centuries (Brubaker 1986 , Noss 2001 . In the absence of stand-replacing fire, climateinduced shifts in composition and distribution of existing forests will likely be muted or substantially lagged (Franklin et al. 1992 ). This concept of landscape inertia assumes extensive shifts in vegetation will likely occur following broadscale, stand-replacing disturbances that bring into play the sensitive seedling/regeneration stage (Franklin et al. 1992 , Donato et al. 2016 , Crausbay et al. 2017 .
Although temperate forests with standreplacing fire regimes are resilient to major disturbances, even in the warmer climate of recent decades (Larson and Franklin 2005 , Shatford et al. 2007 , Donato et al. 2009 , Harvey et al. 2016b , there is conceivably a limit if underlying conditions change sufficiently. If irreversible thresholds are crossed in temperature and/or moisture regimes such that tree regeneration is significantly altered, qualitative changes in forest composition and structure could occur Stephenson 2015, Trumbore et al. 2015) . This phenomenon is sometimes termed "resilience debt," because the diminished capacity for forest recovery is evident only after the disturbance event (Johnstone et al. 2016) . Because these vegetation changes often occur abruptly (Pace et al. 2015 , Lindenmayer et al. 2016 , Crausbay et al. 2017 , and management in these forest types has relatively little influence on the events that catalyze them (see Principle 1), the likelihood of system change depends primarily on the stochastic occurrence of major disturbances, and whether irreversible thresholds in climatic conditions have been crossed (external forcing).
STRATEGIES
Three core strategies emerge from these principles (summarized in Table 1 ).
Strategy 1
As part of an overall wildfire management strategy in stand-replacing regimes, carefully reasoned fire exclusion (e.g., suppression) is a useful tool to maintain certain ecosystem conditions and services, with fewer long-term negative consequences than in other forests.
Given that large patches of severe fire will occur in these systems regardless of stand management (Principle 1), fire management generally focuses on influencing whether fires initially spread. Fire exclusion is currently practiced across many of these forests as a default risk reduction strategy for economic and noneconomic reasons. Although suggesting fire suppression as a viable ecological strategy may seem anathema given the major emphasis in fire ecology literature from drier forests, it is important to compare its context in long-interval, standreplacing fire regimes with that in frequent lowseverity regimes (Table 2) .
Fire suppression is linked to numerous dysfunctional conditions in dry, frequent-fire forests (e.g., fuel accumulation, composition changes, reduced resilience; see Agee and Skinner 2005, Hessburg et al. 2015) , whereas excluding wildfire for several decades in forests where fire intervals are much longer produces relatively minor increases in fire-free periods. Periods of fire exclusion are more consistent with historical system dynamics in these forests than are other common fire management strategies (e.g., stand-scale fuel treatments; Fig. 2 ). Implementing this strategy does not typically move these Table 1 . Stand-and landscape-level examples of adaptation strategies for the different principles and strategies described in this paper. • Use post-disturbance management to promote and maintain genetic, species, and structural diversity systems outside the historical range of conditions, nor does it worsen future fire behavior, because fires that do most of the work in these landscapes burn under extreme conditions in which prior burn footprints and age/structure classes matter little to fire spread or severity . This extreme version of a resistance approach (Walker et al. 2004 ) forestalls change and maintains the social-ecological values of infrequently disturbed ecosystems for as long as possible. It artificially increases system resistance in forests that have inherently low resistance to severe disturbance (not fuel limited) and buffers forests from human-caused ignition sources. This approach would be most suitable where the emphasis is on maintaining certain conditions, such as timber production, human structures, habitats for threatened species, unique features such as old-growth trees that are difficult to replace on a socially meaningful timescale, established carbon mitigation projects, and municipal watersheds (Table 3 ). In contrast, where allowing ecological disturbance processes to operate is a primary objective, wildfire could be managed where practical (Parsons et al. 1986, Romme and Despain 1989) , to allow initiation of younger successional stages and establishment of climateadapted vegetation communities (Table 3) . Managed wildfire can also be appropriate where human risk is low, especially given costs of fire suppression and projections of increased area burned in a warmer climate.
Although more justifiable than in other systems, fire suppression in stand-replacing regimes is not completely without ecological consequences (Table 2) . By limiting fires to those occurring under such extreme conditions that they cannot be suppressed, this strategy would diminish the creation of low-to moderateseverity fire patches, reduce landscape patch diversity, and lessen opportunities for climatesuited vegetation establishment; however, the effects of these changes are almost certainly less critical than in frequent-fire forests (Table 2) . Consistent with a managed wildfire approach, the decision to suppress fires would consider ecological and social factors such as fire regime, community protection, ignition source (human or lightning), values at risk, and management objectives for a landscape (e.g., emphasis on conditions vs. disturbance processes). The decision space will often vary depending on ownership patterns (Table 3) . For example, in a landscape High Low † Dry forests are rated moderate because large patches of early-successional habitat are not abundant under natural fire regimes. Cold/moist forests are rated moderate because large severe fire patches are infrequent under natural fire regimes, and the largest events will likely occur irrespective of fire management strategy (see Strategy 1).
‡ Such species are less common in dry, frequent-fire forests. Fig. 2 . A comparison of forest structure in climate-and fuel-driven systems following a natural disturbance (Time zero). In climate-driven systems, large patches of stand-replacing wildfire are more common and fire rotations are sufficiently long that forest structures and fuels are similar irrespective of the mechanism causing wildfire absence (e.g., temporal stochasticity or management). In contrast, fuel-driven systems tend to have more low-and mixed-severity wildfire with shorter fire rotations, resulting in fuel accumulation when wildfire is excluded. Illustrations depict a moist Pseudotsuga-Tsuga-Thuja forest of the western Cascade Range (left panels) and a dry Pinus-Pseudotsuga forest of the eastern Cascade range (right panels). Adapted with permission (Van Pelt 2007 , 2008 , Franklin et al. 2008 . Figures not drawn to scale. composed of developed lands, private timberlands, or areas of high conservation value, nearcomplete fire suppression can be ecologically, economically, and socially defensible, although some values may decline (Table 2) . Conversely, managed wildfires may be ecologically and economically justified where natural processes are prioritized, risk to human values is low, or the more consequential fire escape risks (Principle 1) are acceptable.
An example of tradeoffs associated with Strategy 1 relates to conservation-relevant successional stages. A common restoration objective in these forests centers on redevelopment of latesuccessional (mature and old-growth) forests, following decades of extensive timber harvest (Davis et al. 2015) . Allowing the landscape to age via fire exclusion can therefore be considered restoration at broad scales. Fig. 3a projects trends in older forest conditions across 2.5 million ha of high-severity and historically infrequently disturbed forest in western Washington state under different climate and management assumptions. In addition to public lands, this landscape encompasses other lands of high conservation value, high-and lowintensity development, and both private industrial and non-industrial landowners. Without climate change (short-dashed line) and left to grow, older forest conditions would become more abundant on the landscape over time. However, with climate change, increases in older forests are muted because of higher rates of stand-replacing wildfire (solid line). Implementing a management approach of reducing burned area by 50% (Strategy 1; see long-dashed line) returns the forest trajectory to near that of the no-climate-change scenario. Thus, in the right context, a carefully considered fire suppression strategy can increase the likelihood of achieving certain restoration objectives, as well as economic and conservation goals.
On the other hand, this strategy would temporarily further constrain the abundance of naturally generated, early-successional (pre-forest) conditions, an important habitat thought to be well below historical levels in many regions (Swanson et al. 2011, Reilly and Spies 2015, Fig. 3b ). This constraint is not to be discounted, because structurally complex early-successional pre-forest habitat is already glaringly absent in some regions. In most stand-replacing regimes, however, early-successional conditions are typically generated by large events occurring at century to multi-century intervals, under extreme conditions in which wildfire control would be ineffective (Romme 1982 . The large patches of early-successional forest will eventually be delivered by large wildfires over the long term, even with fire suppression (Fig. 3b) . The key for those large patches, as well as smaller patches created more frequently, is whether passive or active management pathways are taken post-disturbance (see Strategy 3), and whether essential structural features of highquality, early-successional habitat (Swanson et al. 2011 ) are retained.
Strategy 2
Until fires inevitably occur, minimizing other stressors by applying basic principles of conservation biology can promote robust system response to severe disturbance, avoiding many negative impacts on ecosystem function and services.
The success or failure of fire exclusion depends not on whether major fires ever occur (they will sooner or later), but on whether system responses to disturbance are similar to those in the past. If thresholds in climatic conditions and fire frequency have not been crossed, and the system is not otherwise stressed, the forest can be expected to cycle through characteristic successional stages toward its pre-disturbance condition.
Irreversible thresholds are difficult to model or anticipate, but if thresholds are crossed by the time fire exclusion fails, then the system (species, processes, functionality) may change following a major event (Crausbay et al. 2017) . The magnitude of these changes will depend, in part, on the length of fire-free periods; the longer the interval, the more resilience debt accumulates, and the larger step the system must take to re-equilibrate to the new climate (assuming climate departure will generally increase with time). Thus, a tangible drawback of Strategy 1 (emphasizing fire suppression) would be fewer small-scale opportunities for post-fire plant establishment under the current climate (Table 2) , resulting in larger incremental changes when fires occur, even if system endpoints are ultimately similar. The social, economic, and ecological implications of these larger increments are poorly defined, but Fig. 3 . Projected trends in late-successional and early-successional habitats in a high-severity and infrequently disturbed forest in western Washington state under different climate and management assumptions. Projections were made with climate-informed state-and-transition simulation models (see Halofsky et al. 2013 for detailed method description) using the software ST-Sim (Apex RMS, 2013) . Climate change trend lines represent average annual area across three global climate models (HadGEM2_ES RCP 8.5, CSIRO_MK360 RCP 8.5, and NORESM1 RCP 8.5) and 300 Monte Carlo simulations. Partial fire exclusion assumes a 50% reduction in area burned caused by fire suppression. Late-successional forest is defined as trees with a quadratic mean diameter ≥58 cm, ≥40% canopy cover, and ≥2 canopy layers. Complex early-successional pre-forest encompasses the period between a disturbance and tree canopy closure.
because these changes will likely occur whether the approach is managed wildfire or suppression, fostering adaptive resilience in these systems will entail minimizing other stressors that could push a system toward thresholds.
Forest management in these systems under climate change may appear like ecosystem-based management under static conditions (Noss 2001) , but with increased emphasis on minimizing stressors that could strain resilience. Minimizing stressors helps maintain a safe operating space for ecosystems by staying within acceptable levels of tolerance of existing ecosystem functions, facilitating resilience to perturbation (Scheffer et al. 2015) . Examples include promoting landscape connectivity, controlling non-native species, identifying and protecting climate refugia and other unique habitats, and maintaining diverse genetic resources among and within species (Halofsky et al. 2011) .
Consistent with conservation biology principles, promoting species and structural diversity across multiple scales is an important predisturbance strategy. Many of the forests addressed here are dominated by conifers, often by only a handful of species, with less redundancy in autecological strategies compared to more diverse forests. Maintaining a full complement of species may be key to resilience, keeping a variety of regeneration strategies and climatic responses as part of the system. For example, retaining an abundance of broadleaf species in stands and across the landscape may provide several important ecosystem benefits. Deciduous hardwood species can reduce the flammability of forests and landscapes dominated by conifers (DeRose and Leffler 2014), add to resilience by sprouting in response to disturbance (Johnstone et al. 2004) , use less water than evergreen conifers resulting in more streamflow (Swank et al. 1988) , and enrich forest habitat for many biota (Swanson et al. 2011) . Depending on management objectives and rotation length, diversifying the landscape can also sustain the economic viability of timber production in an uncertain future.
Managing for structural diversity starts with promoting full representation of the successional spectrum on a landscape for a given forest type (Halofsky et al. 2011 , Franklin and Johnson 2012 , Raymond et al. 2014 , Lindenmayer et al. 2016 , rather than focusing exclusively on old-growth or rotation-age production forests. Managing for a range of successional stages provides structural and compositional diversity at broad scales, which could help increase resilience to other climate-related stressors, such as insect and disease outbreaks (Raymond et al. 2014) . Managed wildfire is one tool to promote this structural diversity across large landscapes, where risk to human values is low or fire escape risks can be tolerated. Indeed, one drawback of lessening the use of managed wildfire and emphasizing suppression is that it would simplify fire-induced landscape diversity to some extent, by lessening opportunities for low-to moderate-severity fire to operate (Table 2 ). Where managed wildfire use is not practical or desirable, such as some landscapes with both ecological and economic objectives, diversifying stands and the landscape will necessitate forest management tools other than wildfire, recognizing that wildfire provides ecological outcomes that cannot be entirely replicated through silviculture.
At the stand scale, decreasing forest densities and increasing species and structural diversity in second-growth forests that have developed from previous timber management could reduce drought stress (Sohn et al. 2016) and provide a broader range of habitats (and adaptive capacity) for some animal species (Hunter 1998) . Retaining cohorts of large/old legacy trees in otherwise younger forests, as in variable retention harvest systems (Fedrowitz et al. 2014) , can provide another resilience mechanism. These trees are the most fire resistant, providing seed sources for regeneration that span centuries. The role of density-reduction treatments will vary by forest type. For example, in highly productive coastal forests, thinning may be employed mostly to accelerate the development of late-successional conditions, whereas in less productive continental-interior forests, thinning may be employed largely to mitigate drought stress or other factors.
As with Strategy 1, the degree of compositional and structural diversity emphasized at different spatial scales will depend on management objectives and ownership patterns. It is unlikely that short-rotation forestry focused on revenue will diversify much of the land base beyond those conditions present under such a management regime. However, these lands will also have the most frequent opportunities to alter species composition and genetics in response to a changing climate. Lands primarily set aside for conservation (e.g., national parks) are also less likely to provide the full complement of structural stages until disturbed, because these areas have minimal active management. Forest landscapes that fall between these ends of the management spectrum have the greatest opportunities for promoting structural and compositional diversity. This diversity is more likely in landscapes where multiple landowners with different management objectives are managing adjacent lands, thereby creating different sets of forest structures.
Strategy 3
In these forest types, post-disturbance response strategies are among the greatest opportunities to create climate-adapted landscapes, as well as opportunities for learning.
Unlike other forest types in which resilience strategies can be readily implemented before and after disturbance events to facilitate gradual change (Millar and Stephenson 2015) , post-disturbance situations provide a primary opportunity to both develop and implement adaptation strategies in forests with stand-replacing disturbance regimes. Similar to other forest types, the standinitiation/regeneration stage provides opportunities for (1) recovery processes to adapt the system to changing climate conditions via establishment and survival of different species mixes, (2) management actions to promote desired ecological and/or economic outcomes under a changing climate, and (3) ecological learning that can be integrated into future post-fire responses.
For natural recovery pathways, as in other forest types, a simple first strategy is to take advantage of the spatial heterogeneity of fires . Even fires with the largest standreplacement patches are part of a mixed-severity mosaic with unburned islands (Kolden et al. 2012) , convoluted edges, and refugia (e.g., riparian areas) that act as propagule sources and thus nuclei for regeneration (Donato et al. 2009 , Harvey et al. 2016b . Actions that simplify this mosaic, such as intentional burning of patches of surviving trees, directly reduce a key resilience mechanism for burned landscapes. Also, resilience encompasses more than just rapid reestablishment of forest cover. Even where tree regeneration is slow, retaining most ecosystem components will facilitate ecosystem function and adaptive capacity over long timescales.
For actively managed forests, having postdisturbance management plans in place prior to disturbances will help ensure timely and effective response (Peterson et al. 2009 , Halofsky et al. 2011 ). Managers will need to determine how to respond following a stand-replacing disturbance in an era of changing climate, differentiating actions with respect to disturbance agent, environmental conditions before and after an event (e.g., drought), and whether a disturbance is a single or coupled event (e.g., re-burn, or fire following a wind event). Post-disturbance management plans will vary by how much intervention might be necessary to maintain ecosystem resilience, and whether the degree of intervention will be consistent with other social and management goals (Hobbs et al. 2010 ). For example, by depending on climate and available seed source, landscapes managed for process and left alone to recover will adapt to novel conditions (Principle 2) in ways that may or may not be consistent with socio-ecological objectives. If human intervention is allowed, the decision space becomes large, and potential post-disturbance strategies can be culled from the existing literature (O'Neill et al. 2017) or online libraries (e.g., http://adaptationpartners.org/library.php).
Because of the uncertainties associated with climate change and effectiveness of management actions under potentially novel conditions, we propose capitalizing on stand-replacing disturbances as natural experiments, where compatible with other management objectives. For example, a portion of the disturbed area could be allowed to regenerate naturally, a portion could be planted using traditional strategies and species composition, and a portion could be planted with novel mixes of species and/or genotypes at varied densities, based on anticipated shifts in site suitability. This approach provides learning opportunities within an adaptive management framework, and creates diversity across the landscape (e.g., increasing the currently rare preforest condition; Swanson et al. 2011) , thereby promoting broad-scale heterogeneity in ecosystem properties and resilience to changing climatic conditions and disturbance regimes.
Managers need not wait for broad-scale standreplacing natural disturbance events prior to implementing Strategy 3. If regeneration harvests are also viewed as stand-replacing disturbances, many agencies and private landowners will have more frequent opportunities to incorporate postdisturbance adaptation strategies in the near term. For example, on lands that need to meet both economic and ecological objectives, actions to increase genetic and species diversity of seedlings could be implemented sooner than on lands managed for mostly ecological values (especially old forests). Diversifying genotypes and species could occur within stands (alpha diversity) if little economic return is required, or between stands (beta diversity) to reduce harvest costs. As mentioned earlier, a purposeful effort to include deciduous hardwoods as well as conifers could further support ecosystem services and diversify management options.
For recently regenerated stands with longer rotations, some stands, or portions thereof, could be allowed to regenerate naturally, and other stands (or portions of stands) can be planted using traditional silvicultural prescriptions. Recently harvested stands on southerly aspects could perhaps be planted at a lower tree density with more frequent thinning through time. However, managers may also want to account for increasing mortality as a result of increased soil moisture deficit and other stressors.
The timing of a shift in management strategy will depend on management objectives and forest sensitivity to a changing climate. Higher elevation and continental-interior forests with stand-replacing disturbance regimes are likely more sensitive to changes in temperature and precipitation than temperate coastal forests, where the ocean may act as a buffer to change . Although there may be short-term economic costs to implementing postdisturbance adaptation strategies in managed forests, this perceived liability may become an asset as the future becomes less certain (Puettmann 2014). The timing of this shift will depend on geographic area, risk tolerance of landowners, and management objectives.
CONCLUSION
In some ways, forests with stand-replacing disturbance regimes may be easy to manage from a climate adaptation perspective, because major changes in policy are not required, but some changes in policy and forest management practices will likely be necessary to sustain ecosystem services. For example, fire suppression is already a default policy across many forest ownerships, albeit not necessarily with the more specifically targeted approach we describe. Planting following disturbances is a common activity on forest lands, but forest managers have the option of altering species, genotypes, and densities to maximize survival and growth under a changing climate. Some of these shifts in practices will require managers to address policy barriers (e.g., U.S. National Environmental Policy Act), organizational capacity (e.g., employee education and financial costs), and public acceptance (e.g., of managed wildfire) before implementation can occur.
There are few options for directing or mitigating the size and severity of disturbances that ultimately shape these systems without negatively affecting values currently associated with them (e.g., carbon sequestration, wildlife habitat, timber production). It is the nature of the beast. Given the disturbance regime, broad-scale transitions to novel forests may be abrupt over space and time. As such, management for climate adaptation is limited primarily to delaying major disturbance events where appropriate, creating a safe operating space for the system to respond to disturbances, and capitalizing on the post-disturbance period as an opportunity for adaptation when disturbances occur. Careful planning now will allow organizations to articulate a range of future possible responses in collaboration with stakeholders and the public, setting reasonable expectations for what management can and cannot do to foster resilience.
